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ABSTRACT
Brightest Cluster Galaxies (BCGs) are the most massive galaxies in the local universe and
have had the full age of the universe to build. This makes their formation and evolution history
particularly interesting as they offer a glimpse at potential evolutionary pathways for younger
systems. We present the radial profile of ages, metallicities, and preliminary classification
of companions to 23 BCGs observed using the SparsePak instrument on WIYN by running
the STARLIGHT stellar population synthesis models. This analysis of the BCGs’ stellar
populations is done by separating each BCG into different regions, and preliminary results of
the stellar populations for different regions, such as the core and outskirts, the intracluster light
(ICL), and close companions of the BCG are presented. Close companions, such as dwarf
galaxies, are known to have important roles in the formation and evolution of spiral galaxies,
so studying the interactions between close companions and BCGs may provide more insight
into the formation scenarios for these types of galaxies. The BCG core is found to host an
older, more metal-rich population of stars than those found within the ICL, indicative of a
scenario in which BCG formation occurs from the inside out.
Key words: galaxies: evolution; galaxies: interactions; galaxies:cD; galaxies: clusters; galax-
ies: companions.
1 INTRODUCTION
1.1 BCG formation
Brightest Cluster Galaxies (BCGs) are the most massive galaxies in
the local universe and have had the full age of the universe to build.
This makes the formation history and evolution of BCGs particu-
larly interesting as they offer a glimpse at a potential evolutionary
pathway for younger systems, such as the Milky Way. Current stud-
ies of galactic evolution includes the full spread of galaxy types -
from the formation of the smallest galaxies that exist, dwarfs, to
the largest galaxies that exist, such as BCGs at the heart of mas-
sive ellipticals. While at first glance these two different classes of
galaxies may appear to have no connection, it may be the case that
they are more connected than previously believed. Dwarf galaxies
are known to contain stellar populations that have a wide range
of ages, often with radial gradients in stellar age and metallicity
thought to be dependent upon characteristics such as their morphol-
ogy and enrichment history (Grebel 2001). Dolphin et al. (2005)
finds that dwarf galaxies’ classifications are largely dependent upon
their most recent star formation history (SFH), where differences
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between galaxy types such as spheroidal and elliptical with irregular
stem primarily from the galaxy’s SFHwithin the last few Gigayears.
Late-type galaxies like the Milky Way are thought to have formed
from the merging and accretion of dwarf galaxies, globular clusters,
and open clusters (Mihos & Hernquist 1996, Conroy & Wechsler
2009, Kruijssen et al. 2018), and the study of stellar streams in the
halo of these galaxies provide unique clues of formation as the stel-
lar halo is comprised of the oldest stars in these galaxies. This makes
the disrupted dwarf galaxies and globular clusters in the stellar halo
a fundamental building block of the galaxy itself. Like the Milky
Way, large red galaxies are thought to form from the merging and
accretion of smaller satellite galaxies over time (Dubinski 1998;
Gabor et al. 2010), and their stellar population is mostly dominated
by old, metal-rich stars (Brough et al. 2007; Loubser et al. 2008;
Loubser & Sánchez-Blázquez 2012). However, several photometric
studies have observed younger stellar populations at the outskirts
of BCGs (Montes & Trujillo 2014; DeMaio et al. 2015; Montes
& Trujillo 2018), which raises the question of where these stars
originate. This phenomenon is not one commonly observed in the
formation and evolution scenarios of other galaxies as most large
ellipticals don’t have young outskirts (Greene et al. 2015), so de-
termining whether these young, massive stars formed in the BCG’s
outskirts or if they originated somewhere else is of great interest.
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One way to investigate the origin of these young, massive stars
is to compare their characteristics to those of stars in different types
of galaxies. How well their characteristics match those of the stellar
populations observed in other galaxies will allow an inference into
their origin. Spectroscopic data of the BCGs and their surroundings
can be run through galaxy stellar population synthesismodels which
compare the observed spectra to libraries of stellar spectra, and
how well the synthetic spectra fits the observed spectra provides
clues about the formation pathways of the stellar population being
analyzed as well as kinematics of the galaxy. This is what we have
done for 23 brightest cluster galaxies as seen in Figure 1. To better
understand the formation history of BCGs, one can look at the
distribution of metallicities in different regions of the galaxy to infer
the number of generations of stars that have lived in that specific
regions. Traditionally, this method would be difficult to execute as
one would need to obtain spectral data for a field of view large
enough to encompass the entire BCG and some of the intracluster
light (ICL) within the host cluster in order to separate the data into
regions. However, our survey makes use of an integral field (IFU)
spectroscopy unit that allows for all of the BCG, ICL, and close
companions to be captured in one exposure.
1.2 Companion galaxies to Brightest Cluster Galaxies
Another important component of the host cluster that must be taken
into account when considering the formation and evolution of a
BCG are close companion galaxies. It is known that larger, more
luminous BCGs reside in brighter X-ray clusters (Brough et al.
2005; Hudson & Ebeling 1997) and clusters with higher velocity
dispersion (Lauer et al. 2014), so seeing whether this relationship
also extends to include the mass of companion galaxies will be
an important key to better understanding the dynamics of BCG
formation at both the cluster scale and sub-cluster scale.
The ability to address these questions about the relationship
between close companions, BCGs, and the BCG host cluster is best
explored through the use of spectral data. This is one of the great
advantages of our data; from it, a clear determination of whether
a potential close companion is an interloper or a true companion
can be verified by measuring the velocities. Access to spectra also
makes determining further kinematic information about the com-
panions such as its velocity dispersion and mass, and that of the
BCG, possible. Further, we can calculate the dynamical friction
timescale of the companions. The mass can also be obtained by
gathering imaging information, and galaxy color can help reveal
any significant young populations. The ability to obtain all of this
information about as many companions as possible while studying
the BCG and its host cluster allows for insight into how the forma-
tion and evolution of BCGs may be affected by their much smaller,
close companions. We can test this by determining the kinemat-
ics, as well as color, of the companions to observe whether their
structures most closely resemble those of dwarf galaxies, the core
of BCGs, the ICL within BCGs’ host clusters, or perhaps some
other structure. This analysis will reveal more about the potential
links between galactic merging and evolution on the smallest scales
and on the largest scales, addressing the big question of if and how
formation of large galaxies and small galaxies differ.
1.3 Background on integral field unit spectroscopy
The data obtained for this research was collected by Professor Ed-
wards and several of her students using the 3.5m WIYN telescope
with the SparsePak integral field spectrometer. Each observation
was centered on the BCG core and extends ~70 kpc around the tar-
get. This allows for close companions, the outermost region of the
BCG, and a significant portion of the ICL to be captured. Analysis
of three BCGs within the sample are published in Edwards et al.
2016 (hereafter Paper I), with an analysis of the stellar populations
within the full set of 23 in Edwards et al. 2020 (hereafter Paper II).
Section 2 of this paper describes the sample selection, observations,
data reduction, use of population synthesis models, and classifica-
tion of spectral regions. Section 3 presents the stellar population
profiles of the BCG core and ICL. A preliminary classification of
close companions is also included in this section. Section 4 uses
the key results to argue for potential formation models of the BCG
consistent with results. Stellar population arguments are presented
for the BCG core and ICL that support hierarchical formation pro-
cesses. Section 5 presents our conclusions, a brief summary of the
research highlights, and the next steps for analysis of close com-
panions. Values of H0 = 70 km/s/Mpc, Ωm = 0.3, and ΩΛ = 0.7 are
used throughout.
2 OBSERVATIONS AND DATA REDUCTION
2.1 Sample Selection
The 23 BCGswithin clusters observed in our dataset were randomly
selected from the NOAO Fundamental Plane (NFP) survey (Smith
et al. 2004), of which there were twenty five possible selections. The
NFP is based on ROSAT Xray bright cluster catalogues (Ebeling
et al. 1998, 1996), and a more detailed explanation of the sample
selection can be found in Paper II.
2.2 Observations
The spectrawere collected over the course of five observing runs that
occurred between April 2013 and December 2016. The instrument
used to collect the data, SparsePak, is a sparsely packed quasi-
integral field unit with 82 individual fibers, as shown in Figure 2.
Of the 82 fibers, 75 are arranged in an evenly-spaced grid formation,
with the remaining 7 fibers spaced further from the grid to operate as
sky fibers. The instrument provides a field of view between 43 kpc
and 95 kpc for each BCG, and as the ICL is expected to dominate
light present at ~40 kpc from the core (Presotto et al. 2014) and
companions are typically found ~50 kpc from the core of the BCG
(Edwards & Patton 2012), our data thus provides ample opportunity
to study not only the ICL but the companions to theBCG. For further
detail regarding the specifics of how the instrumental spacing is
related to the field of view, refer to Paper I and Paper II. As Figure
2 shows, the spacing of the fibers causes some gaps in the FOV,
not allowing for a completely uniform retrieval of spectra. This
integration issue is corrected for by obtaining three exposures of
each target, with each pointing slightly offset from the one before.
As each exposure lasted 600 to 900 seconds, in an effort to reduce
the interference of cosmic rays, the integration time is split into 3
observations. The three offset pointings allowed for a full integration
of the FOVwhen combined, as shown in some of the galaxy overlays
in Figure 1, as well as the collection of spectra for close companions,
the ICL, and the outskirts of the BCG. The spectral resolution of
our data is 2.1 Å (~140 km/s), which matches the 2.5 Å (~160 km/s)
spectral resolution of the template spectra well. Due to cloud cover
in the third night of observation, some data had to be re-observed
at a later date, resulting in an incomplete set of pointings for a few
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Figure 1. Full sample overlay of SparsePak fibers on BCGs. These are images of the 23 BCGs in our sample with placement of the SparsePak fibers overlain
for an accurate look at the fiber placement and instrument orientation for each observation. Figure taken from Edwards et al. (2020).
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Figure 2. SparsePak fiber layout. This picture from
www.astro.wisc.edu/~mab/research/sparsepak/SPK_astrom.jp depicts
the layout and numbering of the SparsePak instrument used for data
collection. The ability ot identify which fiber is falling on which region of
the BCG and/or its surrounding area is essential to a regional analysis of
the BCGs, ICL, and close companions.
galaxies, or discrepancies in the positioning between offsets. Paper
II lists which galaxies are affected by either.
2.3 Data Reduction
The data reduction process is detailed in Paper I. Briefly, the data
was dark, bias, and flat corrected and sky subtracted, as well as
wavelength calibrated prior to the reduction steps I performed on it,
which are discussed below.
2.3.1 Correcting for Poor Sky Subtractions
After preliminary correction for cosmic rays and sky subtraction, it
was noticed that some spectra still contained very obvious sky noise
present in their spectrum due to poor sky subtractions, an example
of which can be seen in Figure 3(A) at λ ~5600 Å. These remaining
sky lines were removed by hand using commands in IRAF. The
data files contain 82 extensions wherein only one spectrum was sky
subtracted per extension, so a script was used to sort through the
spectra and repackage all of the corrected, sky subtracted spectra,
into one file with the fibers in the correct order. Figure 3(B) shows
an example of the skyline from Figure 3(A) after correction for poor
sky subtractions has been completed; notice the absence of the sky
line previously at ~5600 Å.
2.3.2 Band Problem in Data
One night of data I received contained an issue with the amount of
bands present. The file contained three separate bands, two of which
contained the sky subtracted spectra for the galaxy, and a third with
the skyline that was subtracted from the spectra, which was not sup-
posed to have been saved. As there were two bands that contained
sky subtracted spectra, both bands were looked through individu-
ally to compare the quality of the sky subtractions performed, and
the band that contained more accurate sky subtractions and fewer
instances of sky noise was the spectra used for further reduction and
analysis.
2.3.3 Reddening and Extinction
To correct for redshift (z), and galactic extinction (E[B-V]), val-
ues were collected for each galaxy using the NASA Extragalactic
Database (NED). The z and E[B-v] values for each BCGwere taken
directly from the database. A script containing IRAF commands for
de-redshifting and de-extincting the data were written, with the z
and E[B-V] values being updated for each galaxy. Figure 3(B) is the
spectrum of a galaxy in our sample prior to correcting for redshift
& Figure 3(C) is the same spectrum after it has been corrected for
redshift and galactic extinction. Notice the shift in the location of
the more prominent absorption lines.
2.3.4 Reducing standard stars
Before the flux calibration could be applied, the standard stars used
for calibration had to be reduced. The process of reduction for them
was followed as outlined in Paper I, but I have briefly included the
steps I took to reduce the standards as they may slightly differ at
times. First, the header was used to obtain all of the information
needed for the setinstrument and ccdproc tasks in IRAF, where
the overscan vectors were fit with a polynomial of order 2 or 3,
dependent upon the goodness of the fit. Next, the bias and dark
frames were subtracted. The data for the same nights was then
median combined using the imcombine task in IRAF to create one
final image from exposures of the standard over the course of the
night. The flat for each night was used to identify the 82 individual
apertures from each exposure using the apfind task, and a multi-
spectrum file was created based off of the newly identified apertures
that allowed for a wavelength calibration to be performed once the
dohydra command was run. Finally, a script that performed sky
subtractions was run and an example of the spectrum for one of our
reduced standard stars is shown in Figure 3(D).
2.3.5 Flux Calibration
The flux calibrations required a sensitivity function to be fit to the
spectrum of the standard star used for each night. A ninth order
polynomial was used to fit the spectrum of the standard as it pro-
duced the lowest sensitivity residuals, with values between -0.2 and
0.2. Once the flux calibration was applied to the galaxy spectra for a
night, each individual galaxy was checked to ensure the flux values
were around 10-15 or 10-16 ergs/cm2/s/Å in value. Figure 3(E) is an
example of a flux calibrated spectrum. Once this process was com-
pleted for one night of data, it was redone for each night individually
as the standards and weather conditions for each night varied.
2.3.6 Normalizing
The flux calibrated spectra then had a function fit to each individual
spectrum in order to normalize it. Once a fit function was produced
for each curve, the spectra was divided, aperture by aperture, by
the functions to remove their shape. This process produces a flat
continuum as shown in Figure 3(F).
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Figure 3. Spectra during different stages of reduction, from top to bottom. Figures (a) - (c), (e) and (f) are the spectra of fiber 52 for the galaxy A0602 in the
Home orientation. Figure (d) is the spectrum of the standard star used to flux calibrate the spectra from the first night of observation. The spectrum shown in
(a) is that of A0602 prior to the correction for poor sky subtractions. The spectrum shown in (b) is the exact same spectrum after the manual correction for poor
sky subtractions has been applied. This spectrum can also be used as comparison with that in (c), which depicts A0602 after it has been corrected for redshift.
There is a visually noticeable shift in the location of the absorption lines in the spectrum as the plots share the same x-axis. The spectrum in (d) is that of the
standard star used to flux calibrate this galaxy and all of the other galaxies observed the same night as A0602. (e) is the spectrum of A0602 after it has been
flux calibrated using the standard from the night of observation. (f) is the spectrum of A0602 after it has been normalized for easier analysis.
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Figure 4. The regions BCGs were broken into for analysis. These are the three orientations color-coded by region, with the fiber corresponding to the core
region non-colored and determined to be fibers 52, 47, and 26 in the Home, Off1, and Off2 orientations respectively. The center region consists of the blue
colored fibers in each orientation, while the outer region is denoted by the pink colored fibers. The outskirts region is identified by the yellow colored fibers, and
the ICL fibers are colored orange. It should be noted that the seven sky fibers on the edges of the instrument: 2, 16, 22, 37, 54, 70, and 80, are also non-colored
in each orientation.
Figure 5. Data visualizer used to identify fibers and look at luminosity
profile. This image shows the data visualizer used to identify which fibers
contained companions and which fibers fell in which region of the BCG. The
luminosity profile, in log scale, is also easily seen for all of the fibers in this
pointing, which is of A160A in the Home orientation. There is a gradient
color difference in the fibers as they get further, radially, from the center,
with the more centrally located regions darker in color, denoting a higher
luminosity. This drop in luminosity with radial distance from the BCG core
is one of the main reasons multiple fibers are combined for the spectrum of
one region, as well as why more fibers make up one region the further that
region is from the core of the BCG. The visualizer was written by former
students on the project: Tara Gomez and Vicki Beizer.
2.4 Identifying Region Spectra
Four regions of analysis are chosen for eachBCG: core, center, outer,
and ICL. Of our 23 BCGs, six had an additional region identified,
titled the outskirts, which was a further division of the outer region,
breaking it into two sections as opposed to one. The process of
identifying and classifying fibers that fall within a specified region
of the BCG was largely done through the use of AstroGUI, an
interactive GUI created in-house by V. Beizer and T. Gomez. The
interface allows any individual or combined display of the three
orientations, deemed Home, Offset 1 (Off1), and Offset 2 (Off2),
which can be seen in Figure 4. The Home orientation is the first
exposure taken of a target, which was used as reference for the offset
of the two subsequent observations of the same target, Off1 being the
initial offset, and Off2 being the final offset. AstroGUI is capable
of displaying individual or combined orientations of fibers, with
a luminosity profile applied to the spectra from each fiber. These
features are key to identifying regional spectra as the fiber locations
can be plotted as an image overlay, showing where the fiber in a
specific orientation falls in the instrument’s full field of view. Fibers
which contain the spectrum of an incident star or companion galaxy
to the BCG are more easily identified due their luminosity profile
being noticeably different from the fibers surrounding them. The
ability to plot multiple fiber orientations simultaneously allows for a
complete alignment of apertures to be viewed and the fiber or fibers
within which any overlapping BCG features or companions fall
can be determined. Additionally, for the targets whose observations
were completed over multiple nights, or whose observations had
to be re-done, there is not a complete alignment of apertures. This
made the ability to view each of the three orientations, individually
and together, extremely important, as it is how we were able to
determine what the spectrum of each individual fiber corresponded
to within the BCGCluster as well as which fibers in each orientation
fell within which region.
Once all of the fibers for a region within a galaxy were identi-
fied, they were listed in a script that used the scombine task in IRAF
to produce one compiled spectrum per region. This combination of
fibers allowed for a higher SNR per region, as well as the ability
to obtain enough data for a separate analysis of each region. This
is especially true for the outskirts of the BCG and the ICL as the
light from these regions is significantly fainter than the core and
innermost regions of the galaxy, meaning more exposure time is re-
quired to obtain a spectrum high enough for analysis. By combining
multiple fibers in these fainter regions, more pronounced spectral
features become distinguishable and a more accurate analysis can
© 0000 RAS, MNRAS 000, 000–000
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A0757 A0671 A160A 
A0602 A2589 A2634 
Figure 6. Preliminary determination of close companions. These are labeled pictures for 6 of 23 BCGs from our sample. The BCG is located centrally in the
picture and companions to the galaxy are labeled radially outward from the BCG in the order in which they appear in our spectral data. Additional companions,
some of which can be seen in these pictures as unlabeled, have been identified. Only companions for which spectral data may have been obtained are labeled
in these images.
be performed by the stellar population synthesis models. I did this
for 6 of the BCG in our sample: A160A, A0602, A0671, A0757,
A2589, and A2634, all of which can be seen in Figure 6
2.4.1 Identifying the Core
The core region was the simplest region to identify for the three
orientations as it was solely the fiber located most centrally on the
BCG in each orientation. This fiber number was unchanging be-
tween orientations, with the exception of a few non-centered BCGs
which have been documented as being non-centered in each orien-
tation. Fiber 52 was the core fiber in the Home orientation, fiber
47 in Off1, and fiber 26 in Off2. Figure 4 visually illustrates the
divisions between regions per orientation in a more straightforward
manner.
2.4.2 Identifying the Center Region
The center region was chosen to be the ring of fibers most immedi-
ately circled around the central core fiber in each orientation. Each
subsequent region, starting from the core, consists of the next radius
of fibers outward from the core. The center region consisted of fibers
26, 31, 43, 46, 47, and 66 in the Home orientation, fibers 26, 41,
43, 44, 52, and 62 in Off1, and fibers 1, 41, 46, 47, and 52 in Off2.
Figure 4 can again be referenced for a better visual illustration of
this. It was in the center region where documenting the presence of
companions started to become extremely important. If a fiber were
to contain a companion, or contain light that was contaminated by
a companion due to its proximity, then it was noted that the fiber
was un-usable and it was removed from the list to not be included in
the final combined spectrum for that region. This ensured the final
combined spectrum for the center region of the BCG truly corre-
sponded to the light at this distance from the BCG core and was not
contaminated by the presence of a close companion galaxy or inci-
dent star. Additionally, this process determined which companions
there were spectra for so an analysis could be performed using their
spectral data.
2.4.3 Identifying the Outer Region
The outer region consisted of the second radial ring of fibers outward
from the BCG core, and marked the region that corresponded to the
beginning of the outer edges of the BCG. This region consisted of
fibers 1, 25, 41, 44, 45, 48, 51, and 62 in the Home orientation,
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fibers 1, 31, 42, 45, 46, and 66 in Off1, and fibers 25, 31, 43, 44,
62, and 66 in Off2. This region was especially prevalent with the
presence of BCG companions, as well as light with a noticeably
dimmer luminosity profile than that of the light from the two previ-
ous regions. The increasing presence of companions in this region
as well as the drop in luminosity made the use of more fibers in this
region and the subsequent regions essential to obtaining a spectrum
with a high SNR and distinguishable features.
2.4.4 Identifying the Outskirts Region
The outskirts region is so named as it consists of the fibers that make
up the outermost radial ring of the BCG. Analysis of this region is
important for potentially distinguishing where the edge of the BCG
and beginning of the ICL lie. As expected, the luminosity profiles
of the fibers in this region are fainter than those of the fibers in the
preceding region, an example of which can be seen in Figure 5. The
outskirts region consisted of fibers 23, 24, 42, 63, 64, and 79 in the
Home orientation, fibers 21, 23, 25, 48, 51, 56, and 63 in Off1, and
fibers 21, 23, 24, 28, 42, 45, 48, and 51 in Off2.
2.4.5 Identifying the ICL and companions
It is at this point of identifying regions that the presence of close
companions can start to hinder the ability to select fibers accurately.
As the ICL is the largest and outermost region of the SparsePak’s
field of view, trying to keep track of which companion is which and
whether there are multiple fibers that contain the same companion
in these different orientations presents the problem of misidenti-
fying or mislabeling a fiber that can contaminate the ICL region’s
spectrum. This issue necessitates the creation of a reference picture
that labels and distinguishes companions.
Figure 6 is an example of six BCGs in our sample whose
companions have been labeled for ease of keeping track of close
companions, and creating a reference picture like this is essential
for ensuring an accurate identification of the fibers to include in the
ICL region. This region contains the largest amount of fibers by far
and the fibers in each region that make up the ICL are as follows:
• Home: 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 17, 18, 19, 20,
21, 27, 28, 29, 30, 32, 33, 34, 35, 36, 38, 39, 40, 49, 50, 53, 55, 56,
57, 58, 59, 60, 61, 65, 67, 68, 69, 71, 72, 73, 74, 75, 76, 77, 78, 81,
82
• Offset 1: 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 17, 18, 19,
20, 24, 27, 28, 29, 30, 32, 33, 34, 35, 36, 38, 39, 40, 49, 50, 53, 55,
57, 58, 59, 60, 61, 64, 65, 67, 68, 69, 71, 72, 73, 74, 75, 76, 77, 78,
79, 81, 82
• Offset 2: 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 17, 18, 19,
20, 27, 29, 30, 32, 33, 34, 35, 36, 38, 39, 40, 49, 50, 53, 55, 56, 57,
58, 59, 60, 61, 63, 64, 65, 67, 68, 69, 71, 72, 73, 74, 75, 76, 77, 78,
79, 81, 82
It must also be noted that there are fibers in the ICL not included
due to them not containing enough light. Such fibers can easily be
distinguished in Figure 5 as the outermost fibers in the ICL region
which do not have a color that corresponds to one listed on the
key, but rather they are grey in appearance. The sky fibers in each
pointing are generally all grey unless there happens to be an incident
star or companion that falls within or near the fiber, and these are
not included in the ICL’s final combined spectrum.
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Figure 7. Age of stellar population in different BCG regions. A plot of the
luminosity-weighted age in gigayears versus the radial distance from the
core. Each point per line marks a different region of the galaxy, with the
core being the point with the smallest value for radial distance and the ICL
being the point with the largest value. The galaxies are divided based on
whether or not their spectra contained emission lines, with the plot on top
containing non-emission line present galaxies and the plot on the bottom
containing galaxies that contained emission lines. There is a noticeably
abrupt difference between the ages in different regions, with the outskirt
region of the BCG and the ICL containing stellar populations with ages
younger than those of the stars found within the core of the BCG.
2.5 Population Synthesis Models
To analyze the BCGs, the STARLIGHT stellar population synthesis
code from Fernandes et al. (2007) was run. BCGs have been shown
to be well fit by α-enhanced models in Smith et al. (2004), Von
Der Linden et al. (2007) and Loubser et al. (2009), which is why
our spectra have been fit with the three possible α-enhancement
values (0.0, 0.2 and 0.4) used in the Walcher et al. (2009) models.
The STARLIGHT code runs a suite of monte-carlo simulations
in which varying amounts of spectral data are fit to model spectra,
and values are chosen based off of the fit with the smallest chi-
squared value between the observed spectrum and model. Velocity
dispersion is alsomeasured using the code, of which amore detailed
explanation can be found in Paper I and Paper II.
The values we present are not meant to be absolute measures
of the age and metallicity of the BCG as it is known that the values
produced by the code vary based off of the chosen base spectra and
other parameters. These values are rather meant to act as a means
of investigating qualitative differences between the regions of the
BCG using their spectra.
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Table 1. This table contains information about all of the identified companions to the 23 BCG in the sample, including the companions name, object type, and
r-band magnitude. Note that some values are missing from the table due to their information not being present in the SDSS database; for these companions,
the imexam task in IRAF will be used to compare the radial FWHM profiles of the objects as stars will have similar FWHM values of the of the suspected
companion galaxies and the BCG.
Cluster Name Companion Distance (arcseconds) Object Type r-Magnitude
A160 N2 12.733524 STAR 19.37
A160 N3 10.952966 STAR 19.08
A160 N5 35.502367 GAL 18.59
A160 N4 45.837102 STAR 14.75
A2634 N1 12.168231 GAL 14.14
A2634 N2 31.974653 N2 -99
A2634 N3 30.770591 GAL 20.57
A2634 N4 33.903008 N4 -99
A2634 N5 42.034990 STAR 21.08
A2634 N6 26.636026 GAL 20.98
A2634 N7 40.523123 STAR 15.63
A2634 N8 53.280463 GAL 15.3
A2634 N9 46.840484 STAR 16.6
A2634 N10 48.941508 GAL 20.63
A2634 N11 52.275748 N11 22.95
A2634 N12 55.205236 STAR 21.91
A2634 N13 55.052598 GAL 21.29
A2634 N14 58.865679 GAL 21.03
A0602 N1 13.024929 GAL 16.17
A0602 N2 16.780856 STAR 17.87
A0602 N3 22.704430 STAR 14.83
A0602 N4 32.074693 GAL 18.33
A0602 N5 36.385392 N5 -99
A0602 N6 50.715606 GAL 16.41
A0602 N7 26.141201 GAL 17.2
A0602 N8 23.746892 GAL 17.2
A0602 N9 53.446252 STAR 17.59
A0602 N10 25.485802 N10 -99
A0602 N11 45.287625 GAL 17
A0602 N12 33.647917 N12 -99
A0602 N13 35.444821 GAL 20.74
A0602 N14 51.812040 GAL 19.63
A0602 N15 39.577749 GAL 20.77
A0602 N16 53.746795 GAL 20.44
A0602 N17 50.849480 GAL 19.8
A0602 N18 43.322737 STAR 20.95
A0671 N1 15.856147 GAL 15.02
A0671 N2 21.332235 STAR 19.18
A0671 N3 43.966230 STAR 15.79
A0671 N4 31.561350 GAL 19.19
A0671 N5 29.977694 GAL 20.37
A0671 N6 27.880776 STAR 19.81
A0671 N7 25.428562 STAR 20.67
A0671 N8 37.758793 N8 -99
A0671 N9 30.321835 STAR 21.6
A0671 N10 50.096298 GAL 17.15
A0671 N11 40.284552 GAL 21.2
A0671 N12 49.689166 GAL 17.39
A0671 N13 54.830561 GAL 18.37
A0671 N14 51.291001 GAL 20.05
A0757 N1 20.575262 GAL 18.8
A0757 N2 15.324873 N2 18.16
A0757 N3 18.650604 N3 21.04
A0757 N4 24.148661 N4 19.72
A0757 N5 41.145551 N5 15.83
A0757 N6 43.640485 N6 18.56
A0757 N7 29.313856 N7 -99
A0757 N8 39.614674 N8 19.3
A1795 G1 39.228223 GAL 17.93
A1795 G2 38.790608 GAL 16.8
A1795 C3 10.243159 GAL 19.41
A1795 C4 13.985816 GAL 13.19
A1795 C5 30.026283 GAL 24.8
A1795 C6 42.381286 GAL 20.58
A1795 C7 40.122941 C7 -99
A1795 C8 43.688356 GAL 20.68
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Table 1 – continued
Cluster Name Companion Distance (arcseconds) Object Type r-Magnitude
A1795 C9 46.369699 C9 -99
A1795 C10 49.827566 GAL 20.88
A1795 C11 26.755583 GAL 23.39
A1795 C12 39.246677 C12 -99
A1795 C13 37.301924 STAR 21.26
A1795 C14 54.106963 STAR 24.83
A75 G1 18.459586 G1 -99
A75 C2 33.539739 STAR -99
A75 C3 54.292999 C3 -99
A75 C4 52.699122 C4 -99
A75 C5 36.251440 C5 -99
A193 G1 43.206807 G1 -99
A193 C2 3.014781 GAL 15.03
A193 C3 10.461641 STAR 15.13
A193 C4 44.006556 STAR 14.18
A193 C5 41.754073 GAL 17.37
A193 C6 52.976849 GAL 17.79
A193 C7 45.790795 C7 -99
A2626 G1 17.977216 G1 -99
A2626 C2 3.845512 C2 -99
A2626 C1 0.000000 GAL 13.34
A2626 C3 13.698988 C3 -99
A2626 C4 44.790208 GAL 17.81
A2665 G1 50.130932 GAL 18.22
A2665 C2 14.785997 C2 -99
A2665 C3 21.012373 C3 -99
A2665 C4 19.552805 C4 -99
A2665 C5 20.907498 STAR 14.81
A2665 C6 36.893751 GAL 16.67
A2665 C7 34.366631 STAR 20.94
A2665 C8 33.696947 C8 -99
A2665 C9 50.130932 C9 -99
A2622 C1 8.077863 GAL 16.3
A2622 C2 10.231917 GAL 24.8
A2622 C3 34.006933 STAR 16.94
A2622 C4 28.594482 STAR 18.59
A2622 C5 24.040177 STAR 16.3
A2622 C6 35.919470 STAR 17.98
A2622 C7 42.717196 GAL 21.03
A2622 C8 46.779047 STAR 17.9
A2622 C9 53.382744 GAL 18.45
A2622 C10 51.443181 GAL 20.86
A2622 C11 16.910608 STAR 21.06
A2199 C1 11.827052 GAL 13.35
A2199 C3 8.724237 C3 -99
A2199 G1 46.670719 STAR 18.69
A2199 G2 29.119071 GAL 16.55
A2199 G3 41.099870 STAR 18.6
A2199 C2 0.000000 GAL 12.88
A2199 C4 13.461113 STAR 20.5
A2199 C5 50.016115 GAL 15.85
A407 2 24.215743 2 -99
A407 3 18.176547 GAL 15.21
A407 4 11.877908 4 -99
A407 5 9.412725 GAL 14.52
A407 6 8.395673 6 -99
A407 7 0.000000 GAL 14.72
A407 8 8.007561 8 19.72
A407 9 15.417497 GAL 17.42
A407 1 32.907615 GAL 17.15
A407 C10 35.743424 STAR 15.36
A407 C11 37.859710 STAR 18.84
A407 C12 39.859315 GAL 20.65
A407 C13 47.574287 C13 -99
A407 C14 45.899111 C14 -99
A2589 N1 10.972799 N1 -99 © 0000 RAS, MNRAS 000, 000–000
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Table 1 – continued
Cluster Name Companion Distance (arcseconds) Object Type r-Magnitude
A2589 N2 21.481667 STAR 22.09
A2589 N3 40.260833 N3 -99
A2589 N4 24.729612 GAL 20.7
A2589 N5 41.959224 STAR 20.87
A2589 N6 38.268615 N6 -99
A1668 G1 27.092858 GAL 17.35
A1668 C2 33.634871 GAL 20.63
A1668 C3 36.066254 GAL 20.96
A1668 C4 49.387504 GAL 20.7
A1668 C5 46.288450 GAL 18.52
A1668 C6 38.017849 GAL 19.79
A1668 C7 42.135578 GAL 18.35
A1668 C8 57.716338 GAL 20.74
A1668 C9 72.949525 GAL 20.19
A376 C1 75.960587 C1 -99
A376 C2 10.601131 C2 -99
A376 C3 17.897087 C3 -99
A376 C4 13.032716 C4 -99
A376 C5 28.629189 C5 -99
A376 C6 27.181241 C6 -99
A376 C7 31.448366 C7 -99
A376 C8 34.479555 C8 -99
A376 C9 35.455424 C9 -99
A376 C10 43.119396 C10 -99
A376 C11 39.575162 C11 -99
A376 C12 49.207339 C12 -99
A376 C13 40.861750 C13 -99
A376 C14 43.614510 C14 -99
A376 C15 46.409320 C15 -99
A376 C16 41.068788 C16 -99
A376 C17 42.749192 C17 -99
A376 C18 43.208926 C18 -99
A376 C19 51.780031 C19 -99
UGC3957 N1 28.559088 N1 -99
UGC3957 N2 25.232384 N2 -99
UGC3957 N3 29.818579 N3 -99
UGC3957 N4 45.257962 N4 -99
UGC3957 N5 40.537617 N5 -99
UGC3957 N6 39.204123 N6 -99
UGC3957 N7 32.675148 N7 -99
UGC3957 N8 54.526983 N8 -99
A2457 C1 12.767686 GAL 16.59
A2457 C2 12.952341 GAL 18.81
A2457 C3 43.538465 STAR 20.2
A2457 C4 49.606230 STAR 18.82
IIZw108 C1 7.141812 GAL 14.07
IIZw108 C2 19.254088 GAL 17.39
IIZw108 C3 19.701919 GAL 14.74
IIZw108 I1 30.129804 GAL 15.82
IIZw108 I2 58.828468 GAL 16.87
IIZw108 S1 37.075247 STAR 18.64
IIZw108 C4 4.737841 STAR 19.64
IIZw108 C5 7.194891 C5 -99
IIZw108 C6 15.275361 C6 -99
IIZw108 C7 8.895833 GAL 14.22
IIZw108 C8 10.633878 C8 -99
IIZw108 C9 12.236808 C9 -99
IIZw108 C10 13.741301 STAR 19.57
IIZw108 C11 42.764475 STAR 17.82
IIZw108 C12 26.049627 C12 -99
IIZw108 C13 39.118001 GAL 18.77
A85 C1 33.186718 GAL 19.09
A85 I1 31.444582 GAL 14.84
A85 C2 13.511277 GAL 13.21
A85 C3 21.178048 C3 -99
A85 C4 48.034909 C4 -99© 0000 RAS, MNRAS 000, 000–000
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Table 1 – continued
Cluster Name Companion Distance (arcseconds) Object Type r-Magnitude
Z2844 G1 12.806963 GAL 16.41
Z2844 G2 36.423398 STAR 16.8
Z2844 C3 16.575817 C3 -99
Z2844 C4 25.447401 STAR 19.08
Z2844 C5 42.848437 GAL 24.8
Z2844 C6 47.056699 GAL 20.63
Z2844 C7 33.256485 GAL 21.34
Z8338 G1 32.727523 G1 -99
Z8338 G2 34.934551 G2 -99
Z8338 C3 18.463413 C3 -99
Z8338 C4 30.305286 C4 -99
Z8338 C5 41.016184 C5 -99
Z8338 C6 46.329523 C6 -99
Z8338 C7 42.178654 C7 -99
MKW3 G1 16.805170 STAR? 18.59
MKW3 G2 48.106566 STAR 19.27
MKW3 G3 15.468122 GAL 17.11
MKW3 C4 7.955096 C4 -99
MKW3 C5 18.890553 GAL 21.65
MKW3 C6 31.486479 GAL 21.09
MKW3 C7 45.666379 GAL 21.17
MKW3 C8 54.471803 GAL 20.57
MKW3 C9 51.897114 GAL 19.78
MKW3 C10 37.346980 C10 -99
MKW3 C11 39.541179 STAR 21.85
3 RESULTS
3.1 Stellar Populations of BCG Core, ICL, and Companions
3.1.1 Age and Metallicity of Stellar Population in Core of BCG
and ICL
Figure 7 is a plot of the luminosity-weighted age in gigayears versus
the radial distance from the core, and it shows a significant decrease
between the age of the BCG core and the age of the ICL. Each
point per line marks a different region of the galaxy, with the core
being the point with the smallest value for radial distance and the
ICL being the point with the largest value. The decrease in age per
region is generally either flat or decreasing between regions of the
BCG, yet there is a noticeably abrupt difference between the age of
the ICL and the BCG, especially when compared to the BCG core.
This is showing that the ICL contains stellar populations with ages
younger than those of the stars found within the core of the BCG.
Figure 8 is a plot of the metallicity of each region versus the
radial distance from the core. As seen in Figure 7, each point per
line marks a different region of the galaxy, with the core as the
point with the smallest value for radial distance and the ICL as
the point with the largest value. The core is seen to contain higher
metallicity values than those found within the ICL, with a decrease
in metallicity occuring radially outward from the core. Figure 9
contains a further analysis of the metallicity of each region versus
the radial distance from the core by applying lines of best fit to each
individual galaxy. This allows for a good visual of the difference
between the beginning and end points, the core and ICL, and how
they compare. In general, the highest values for metallicity are seen
to belong to the core while the lowest values for metallicity are seen
to belong to the ICL. This is consistent with the observed trend
of decreasing age amongst stellar populations as distance from the
core increases.
3.1.2 Age and Metallicity of Stellar Population in Companions
The information in 1 will be used in conjunction with the results
of the STARLIGHT run on the spectra obtained for companions.
These will be used to create plots like those in Figure 7 and Figure
8 where we will instead be comparing the companions’ ages and
metallicities. These values will also be used in future calculations
discussed in the conclusion.
3.2 Obtaining distance between companions and BCG
After identifying and recording the fibers containing companions
within the spectral data, the RA andDEC of the BCGs and identified
companions were determined using DS9 and SDSS images of the
host clusters. These coordinates were documented to be used for
determining the distance between the BCG and companion. Table 1
contains information about the identified companions to the BCGs.
Preliminary determination of whether a close companion is a star
or galaxy was also performed during this step using the interactive
SDSS DR13 Navigate Tool, as well as recording the listed r-band
magnitude of the object. These coordinate values were used to
calculate the distance between the BCG and the companion. As the
central BCG is included as a "companion" for some galaxies due to
some BCG in the sample containing multiple cores, such as A407,
which can be seen in Figure 1, some distances may appear as zero.
Values for which there is no r-band magnitude in the SDSS database
have been labelled as -99.
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Figure 8. Metallicity of stellar population in different BCG regions. A plot
of the metallicity of each region versus the radial distance from the core.
Each point per line marks a different region of the galaxy, with the core
being the point with the smallest value for radial distance and the ICL being
the point with the largest value. The galaxies are divided based on whether
or not their spectra contained emission lines, with the plot on top containing
non-emission line present galaxies and the plot on the bottom containing
galaxies that contained emission lines. The decreasing trend in the plots is
gradual, with the outer regions of the BCG and the ICL containing stellar
populationswith lowermetallicities than those found in the stellar population
of the core and inner regions of the BCG. This is consistent with the observed
trend of decreasing age amongst stellar populations as distance from the core
increases.
4 DISCUSSION
4.1 ICL is younger than the BCG
As seen in the results of Figures 7, 8, and 9, the ICL is generally
seen to contain both a younger age than the BCG core and a lower
metallicity. A younger ICL age points towards the BCG forming
prior to the formation of the ICL which surrounds the BCG. The
lower metallicity observed in the ICL than in the core reveals that
less generations of stars have populated this region of the cluster in
comparison to the higher generations of stars that are witnessed in
the core of the BCG. As there is still much unknown about the ICL,
these finding are interesting as they offer insight into the dynamics
of the cluster environment and clues about how the BCG formed. An
older, more metal-rich core is consistent with a formation scenario
in which the BCG formed from the inside-out, and the younger,
lower-metallicity ICL region can offer a potential explanation as to
why it is that young stars are sometimes found in the outer regions of
BCGs. Additionally, a clear distinction between the ICL and BCG
can be difficult to determine visually, and this determination of the
age and metallicities for different regions can allow for a better
distinction between regions to be reached.
5 CONCLUSION
Since BCGs are among the most massive galaxies in the local uni-
verse and are located in or very near to the gravitational potential of
the clusters they inhabit, study of them provides information about
not only the formation and evolution of the BCG itself, but also
of components within the environments they inhabit, such as the
ICL, companion galaxies, and even the host cluster. Additionally,
study of the close companions to BCGs can reveal potential links
between galaxies at the largest and smallest scales, working towards
answering big questions such as if and how the formation of small
galaxies differs from the formation of large galaxies. The use of an
IFU allowed for a collection of spectra that contains the entirety of
the BCG, a significant portion of the ICL, and close companions.
The spectra were reduced, flux calibrated, and put into regions to al-
low for an analysis, using the STARLIGHT stellar population code,
of the variations in age and metallicity between different stellar
populations within or near the BCG. The stellar populations of the
BCG core were observed to be both older and more metal-rich than
those of the stars that make up the ICL. Both of these findings are
consistent with a formation scenario in which the BCG has formed
from the inside out.
This furthering of understanding how BCGs have evolved into
the most massive galaxies in the local universe, undergoing a pro-
cess of hierarchical growth to reach the state at which we observe
them, provides potential links to de-mystifying the differences be-
tween large scale and small scale galactic formation and evolution.
Mihos & Hernquist (1996) found that spirals are observed to be
formed through minor merging of dwarf galaxies and globular clus-
ters, building in a similar hierarchical process that we see in these
BCGs. This suggests these formation scenarios may bemore similar
than previously thought. To continue determining the potential links
between galaxy formation and evolution at different scales a further
analysis of the close companions will be undertaken. The calcu-
lation of the merging probability between the companion galaxies
and the BCG will be determined, as well as the color of the com-
panion galaxies to determine what type of galactic structures they
most closely resemble. Parameters like this will provide more in-
formation about close companions and the roles they play in the
formation and evolution of BCGs, as well as what trends we see at
this large scale that may potentially be linked to trends we see at
smaller scales.
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